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CHAPTER 1 
 
 
 
 
INTRODUCTION 
 
 
 
 
With the beginning of the Industrial Revolution, entailed a sharp growth in 
both population and in energy consumption per capita. Both gave way to an 
exponential growth in worldwide energy consumption of primary energies. A 
striking illustration of this is that until the 1970’s, each decade saw a doubling of 
energy usage. In other words, every 14 years of humanity got through as much 
energy as in the whole of its previous history (Solarcentury, 2008). 
Compared with coal, oil is richer in energy, easier to transport and leaves 
fewer residues when burnt. The lowering of prices encouraged extravagant 
consumption, and externalization of costs reached its pinnacle giving rise to 
extensive pollution. The year 1973 saw the first oil embargo by the OPEC countries, 
which raised the price of crude oil from US$2 to US$13 per barrel (US$1 is 
equivalent to RM3.3715 as at 1st February 2008). It was followed by a second 
embargo which raised the price again to US$32 per barrel. With the immergence of 
China and India as economic giants of the 21st century, the consumption of oil has 
increased exponentially raising the price to US$92.40 per barrel (as at 1st February 
2008). 
The present system cannot be maintained for more than one or two 
generations. Exhaustion of reserves, greenhouse gas effect, acidification of the water 
cycle and deforestation all pose threats to the world. All these gave way to an 
alternative source of energy, the sun. 
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1.1 Solar Energy as an Alternative 
 
The Sun is the original source of almost all the energy used on the Earth. It 
provides the energy that drives our weather systems and so the energy sources of 
wind, water and waves are in fact a form of solar energy. Trees and other plant life 
are sustained by using sunlight to create stored chemical energy through the process 
of photosynthesis and it is this energy that is released when planet material is burned. 
Since this energy from the sun is in continuous supply these energy sources can be 
constantly replenished and hence are categorised as renewables.  
Fossil fuels, which the world is at present so dependant on for energy, are 
deposits formed from the dead vegetation of millions of years ago (an indirect form 
of solar energy). There are two major issues with fossil fuels that make them an 
unsustainable energy source. Firstly, being finite, they are not renewable (except 
over geological timescales) and so will eventually run out. Secondly, when burned 
they release large volumes of carbon dioxide into the atmosphere. The increase in 
the atmospheric concentrations of carbon dioxide is the main cause of global 
warming, which is destabilising the planet’s climate. The Royal Commission on 
Environmental Pollution’s Report ‘Energy – The Changing Climate’ indicated that 
the UK needs to reduce emissions of carbon dioxide by 60% by the year 2050 and 
by 80% by the year 2100 (Solarcentury, 2006). 
A sustainable energy system must ultimately be based upon renewable 
energy sources, all of which are ultimately based upon solar radiation. Thankfully, 
the Earth receives a staggering amount of energy from the sun, as much energy falls 
on the planet each hour as the total human population uses in a whole year – that’s 
about 1018 Kilowatt hours (kWh) (Solarcentury, 2006). 
 
 
 
1.2 Types of Solar Technology Application 
 
There are several ways in which the solar energy the Earth receives can be 
used directly for heating and electricity generation. The various technologies are 
often classified as either ‘passive’ or ‘active’. Passive solar systems do not involve 
the input of any other forms of energy apart from the incoming sunlight. Passive 
solar water heaters, for instance, have no pumps and may rely upon capillary action 
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to pump water. Active solar systems use additional mechanisms such as circulation 
pumps. These mechanisms are typically powered by electricity and may have 
additional electronic or computerized automatic controls. 
Electricity can be generated from solar energy in two ways. The first is to 
capture heat from the sun and use this to power a conventional turbine or generator. 
The other is to use the photovoltaic effect, which converts light directly into 
electricity using materials called semiconductors.  
 
 
 
1.3 Types of Terrestrial Solar PV Applications 
 
 
 Terrestrial solar PV application could be generally divided into two 
categories as follows: 
 
? Stand-alone application 
? Grid-connected application 
 
A brief comparison between the stand-alone application and grid-connected 
application is shown in Figure 1.1 and Table 1.1 below. 
 
 
 
 
Figure 1.1: Building integrated photovoltaic (BIPV) application: grid connected vs 
stand alone 
 
source: Installing BIPV: Process & Benefits 
Impiana Hotel, K.L, 12th June 2004 
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Table 1.1: BIPV application: grid connected vs stand alone 
 
Grid Connected BIPV Stand Alone BIPV 
Mostly applied in urban areas Applied in remote areas, areas with no 
excess to the utility 
Does not require battery (utility 
grid is used as battery source) 
Requires battery (critical) 
Inverter (critical) is used to convert 
D.C to A.C 
Charge regulator or controller regulates 
the battery 
Excess electricity is sold to utility Can be connected to D.C load 
 
Stand-alone domestic PV systems provide electricity to households in remote 
areas. The system provides basic electricity for lighting, refrigeration and other 
domestic electrical equipments. These application have been installed almost 
everywhere in the world, especially in rural areas of developing countries. The PV is 
often the most appropriate technology to meet the energy demand of isolated 
communities. Stand-alone PV systems generally offer an economic alternative to the 
extension of electricity distribution grid at distance of more than 1 or 2 km from 
existing power lines. 
 Consumer PV applications were the first commercial application for 
terrestrial PV system. They provide power for a wide range of application, such as 
watches, calculators, telecommunication, water pumps, navigation aids, aeronautical 
warning lights and etc. These are application where small amount of power have a 
high value, and thus PV price is competitive. Today, the PV’s have also been 
applied to streetlights, parking meters and even cars.  
The National Electricity Board (now Tenaga Nasional Berhad) initiated the 
use of PV system for rural electrification in the early 1980s. The first of these was 
the installation of stand-alone PV systems for 37 houses in Langkawi, followed by 
other projects in Tembeling (seventy houses) and Pulau Sibu (fifty houses) as 
observed in Figure 1.2 and Figure 1.3. Later in the 1990s two rural electrification 
pilot projects, of 10 kWp and 100 kWp respectively were implemented in Sabah 
with the support from the New Energy and Industrial Technology Development 
Organization (NEDO) of Japan. In the late 1990s the Ministry of Rural Development 
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has undertaken the provision of photovoltaic system for rural electrification. It is 
estimated that the total capacity for stand-alone systems in Malaysia, including 
Sabah and Sarawak, in the year 2000 was 1.5 MWp, however, some of the 
installations have been dismantled (Ahmad Hadri, 2003).  
 
 
 
Figure 1.2: Solar PV for rural home, parking meter and street lamp 
 
 
 
 
Figure 1.3: Stand-alone rural electrification 
 
 Distributed grid connected PV system is a relatively recent application where 
a PV system is installed to supply power to a building or other load that is also 
connected to the utility grid. The system usually feeds electricity back into the utility 
grid when electricity generated exceeds the building loads. Those systems are 
increasingly integrated into the built environment and are becoming commonplaces 
because of the huge economic potential. They are used to supply electricity to 
residential homes, commercial and industrial buildings. The PV capacity installed is 
usually dependent to the budget or existing space available as observed in Figure 1.4. 
Compared to the stand-alone applications, system costs are lower as energy storage 
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(battery) is not required a factor that also improves system efficiency (Ahmad 
Hadri, 2003). 
 
 
 
Figure 1.4: Distributed and centralized grid connected PV system 
 
These distributed applications also provide advantages such as: 
? The distribution losses are reduced because the system are installed at the 
point of use 
? No extra land is required for the PV system 
? Costs for mounting systems can be reduced, and the PV array itself can be 
used as cladding of roofing material. 
  
Centralized grid connected PV system have been installed for two main purposes: 
? As an alternative to centralized power generation from fossil fuels or nuclear 
energy 
? To strengthen the utility distribution grid 
 
 
 
1.4 Present Status of Grid Connected Solar PV Applications 
 
 Traditionally solar PV is utilized in remote areas to provide basic electricity 
needs. However to make the efforts to reduce the green house gas effect more 
effective, it is becoming very rational to operate the solar PV in the urban area and 
connect it to the electricity grid. Currently the are many grid connected solar pV 
applications throughout the world especially in Japan, Europe and USA. For this 
application, solar PV is integrated into the building and houses, either as part of the 
building or retrofitting. Thus, the systems are known as building integrated PV or 
BIPV as seen in Figure 1.5.  
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FIGURE 1.5: BIPV applications 
 
 Another year of dramatic growth in installed PV capacity was reported by 
the IEA PVPS countries in 2004. The cumulative total grew by over 770 MW in the 
year, to just under 2,6 GW by the end of 2004. The vast majority (94 %) of this 
growth in capacity was installed in Germany, Japan and the USA and therefore care 
must be taken when interpreting the results, as most of the comments directly reflect 
the developments in these lead countries. Figure 1.6 below illustrates the growth of 
installed capacity since 1992 and the split of this capacity between the two primary 
applications for PV. Particularly with the recent levels of growth seen in IEA PVPS 
member countries, this installed capacity reported represents a significant proportion 
of worldwide PV capacity (IEA-PVPS T1-14, 2005).  
 
 
 
FIGURE 1.6: Cumulative installed grid connected and off grid PV power between 
1992 – 2004  
 
 The cumulative market in IEA PVPS countries reached a new high growth 
rate of 42 % between 2003 and 2004, up from 37 % last year. In terms of annual 
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sales the growth rate was even more spectacular rising from 44 % in 2003 to 55 % in 
2004. Amongst the largest markets, the annual rate of growth in Germany (137 %) 
indicates that, if sustained, installed capacity in this country may meet that of Japan 
by the end of next year (if Japan’s reported growth rate is maintained at 22 %). 
These extraordinary levels of growth continue to be driven by market support 
mechanisms that initially focused on grid-connected domestic applications in the 
urban or suburban environment. In terms of installed capacity per capita, Germany 
now leads the way at 10 W per capita, now ahead of Japan, Switzerland and the 
Netherlands at 9 W, 3 W and 3 W per capita respectively (IEA-PVPS T1-14, 2005). 
 
 
 
 
1.5 Photovoltaics Prospects in Malaysia 
 
Malaysia lies entirely in the equatorial region with an average daily solar 
radiation of 4,500kWh/m
2
, with sunshine duration of about 12 hours. Ambient 
temperature remains uniformly high throughout the year. Average ambient 
temperatures are between 27 to 33 °C. Most locations have a relative humidity of 80 
– 88%, rising to nearly 90% in the highland areas, and never falling below 60% 
(UNDP, 2004).  
The Klang Valley (Kuala Lumpur, Petaling Jaya) has the lowest irradiance 
value, whereas around Penang (Georgetown, north-west coast) and Kota Kinabalu 
(East Malaysia) have the highest values measured. However, compared to Germany, 
an installation in Kuala Lumpur receives 1.3 times higher global solar irradiance. A 
solar PV installation in Malaysia would produce energy of about 900 to 1400 
kWh/kWp per year depending on the locations. Areas located at the northern and 
middle part of the Peninsula and the coastal part of Sabah and Sarawak would yield 
higher performance. An installation in Kuala Lumpur would yield around 1000 - 
1200 kWh/kWp per year (UNDP, 2004). 
According to the 9th Malaysia Plan period, the country’s peak electricity 
demand is expected to increase at 7.8% per annum to slightly above 20,000 
megawatt (MW) by the year 2010. From that capacity, 350 megawatt (MW) is 
expected to come from Renewable Energy (RE). This RE target is, however, lower 
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than the 500 megawatt (MW) target in the 8th Malaysia Plan due to various reasons 
(MGCC, 2007).  
Over the past decades alone, the Government has been continuously 
subsidizing the population’s fossil fuels need. The fuel subsidy in 2005 alone was 
about RM25 billion, where RM9 billion were for power generation and RM16 
billion were for the transport sector. Therefore, new and effective ways to reduce the 
overwhelming dependence on natural gas, as well as the energy subsidy, have to be 
found. One natural resource that Malaysia has in abundance and which is totally free 
is the sunlight (MGCC, 2007).  
In 2005, the Government launched the Malaysian Building Integrated 
Photovoltaic (MBIPV) Project, aimed at intensifying the usage of solar energy as an 
alternative source of electricity, contributing to environmental protection and to 
attract investments into the country in the areas of photovoltaic fabricated wafers, 
cells, modules, power management system, photovoltaic wires, connectors, 
mounting metal structures and inverters. The Malaysian Building Integrated 
Photovoltaic (BIPV) Technology Application Project (MBIPV) is intended to induce 
the long-term cost reduction of the non-emitting GHG technology via integration of 
the PV technology within building designs and envelopes (UNDP, 2004).  
The project’s key success indicators are:  
i. Total GHG emissions avoided from the power sector is about 65,100 tons 
CO2 over the lifetime of the installed BIPV capacity by the year 2010, 
relative to the baseline in the year 2005;  
ii. Increase installed BIPV capacity by about 330% over the project 
implementation period, resulting from 1.5 MWp of new BIPV capacity by 
the year 2010;  
iii. Reduce cost of BIPV technology by about 20% by the year 2010, relative to 
the baseline in the year 2005;  
iv. About 30% annual growth of BIPV capacity and average 30% BIPV cost 
reduction, from year 2010 to 2020, made possible by the integration and 
implementation of National BIPV programs in the 10th Malaysia Plan (2011- 
2015).  
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An earlier assessment conducted by Pusat Tenaga Malaysia (PTM) indicated 
that by installing BIPV on most of our urban building roofs today, the country can 
have as much as 6,500 mega-watts (MW) of solar powered capacity in the country. 
This is almost half of Malaysia’s maximum demand today. Even if Malaysia taps 
only 1% of that potential, the energy component is still significant.  
The PV market is still considered to be very small and at its infancy in 
Malaysia. According to Ir. Ahmad Hadri Haris, National Project Leader for the 
MBIPV Project, at the current pace the country may reach the target of 2MW 
generated by PV by the year 2010, which is indeed a very small amount. He says 
that as a developed nation the country should generate approximately 100 MW 
through PV by 2020.  
In the PV manufacturing industry in Malaysia, the current big name is First 
Solar, an American company with manufacturing facilities in Kulim High-Tech Park, 
Kedah. The majority of their products are manufactured for exports. German 
companies starting to make their presence noticeable on the Malaysian market are 
Solar World and Suntechnics (MGCC, 2007). 
 
 
1.6 Thesis Objective 
 
 Due to the high usage of non-renewable energy sources, environmental 
phenomena and the recent surge in oil and gas commodities, alternative sources are 
vital. Solar and wind are the alternative energy sources. Amongst a wide variety of 
renewable energy projects, photovoltaic systems are the most promising as a future 
energy technology. 
 
The objective of the project is: 
? Study the performance for different types of PV technologies 
? Identify the parameters that affect the performances 
? Perform cost analysis for various PV technologies 
? Use Life Cycle Costing (LCC) to determine the cost per kWh  
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1.7 Scope of Work 
 
 The scope of the project comprises: 
? Analyzing the thermal effect and irradiance effect at Ipoh for the application 
of stand alone PV systems 
? Analyzing the accuracy of the energy efficiency models and the detailed cost 
analysis of the system components 
? Analyzing using RETScreen software 
? Analyzing the cost per kWh using LCC  
 
 
 
 
1.8 Thesis Overview 
 
 This thesis comprises of five main chapters. Chapter 1 introduces solar 
energy as an alternative energy source and the types of terrestrial solar PV available. 
A brief outlook of the prospects of solar PV internationally and at national levels is 
presented.    
 
 Chapter 2 studies all the key components in developing from a solar cell 
right up to a solar array. Various types’ solar PV cells and arrays are scrutinized 
together with the balance of the system involved in developing a stand alone PV 
application.  
 
 Chapter 3 details the load used to determine the PV array sizes in addition to 
costs breakdown of all key components involved in developing a stand PV system to 
supply power to a typical household of four.  
 
 Chapter 4 initially introduces RETScreen as a software used to analyze the 
cost of developing the PV system. There after, a detailed study on array losses, 
efficiency of the various PV arrays and balance of system are investigated. Finally, 
life cycle costing method is used to evaluate the cost per kWh energy for various PV 
technologies.  
 
 Lastly, Chapter 5 concludes the entire thesis and proposals for future works 
on PV systems are suggested.    
 
 
 
 
 
 
CHAPTER 2 
 
 
 
 
PHOTOVOLTAIC CELLS AND BALANCE OF SYSTEM 
 
 
 
 
The development of a stand-alone photovoltaic system involves not only the 
photovoltaic modules but several other key components such as the battery as an 
energy storage device, battery charge controllers which regulates the charge and 
discharge cycles of the battery, wiring system, conductors and conduit, and the 
module support structure which refers to the total cost of the equipment required to 
provide support for photovoltaic modules. This chapter gives a brief account of the 
various components mentioned. 
 
 
1.8 Photovoltaics and Photovoltaic Cells 
 
When sunlight strikes a PV cell, the photons of the absorbed sunlight 
dislodge the electrons from the atoms of the cell. The free electrons then move 
through the cell, creating and filling in holes in the cell. It is this movement of 
electrons and holes that generates electricity. The physical process in which a PV 
cell converts sunlight into electricity is known as the photovoltaic effect.  
One single PV cell produces up to 2 watts of power, too small even for 
powering pocket calculators or wristwatches. To increase power output, many PV 
cells are connected together to form modules, which are further assembled into 
larger units called arrays. This modular nature of PV enables designers to build PV 
systems with various power output for different types of applications as seen in 
Figure 2.1 (Ahmad Hadri, 2003).  
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Figure 2.1: From cell to an array 
 
A complete PV system consists not only of PV modules, but also the 
“balance of system” or BOS, the support structures, wiring, storage, conversion 
devices, etc. i.e. everything else in a PV system except the PV modules. Two major 
types of PV systems available in the marketplace today: flat plate and concentrators.  
As the most prevalent type of PV systems, flat plate systems build the PV 
modules on a rigid and flat surface to capture sunlight. Concentrator systems use 
lenses to concentrate sunlight on the PV cells and increase the cell power output. 
Comparing the two systems, flat plate systems are typically less complicated but 
employ a larger number of cells while the concentrator systems use smaller areas of 
cells but require more sophisticated and expensive tracking systems. Unable to focus 
diffuse sunlight, concentrator systems do not work under cloudy conditions (MPIA, 
2008). 
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Figure 2.2: Solar Cell Generating Electricity 
 
 
The electrical output from a single PV cell is small, usually around 0.6Vd.c. 
Therefore, multiple PV cells are connected together to provide more useful electrical 
outputs. PV cells connected in this way are encapsulated usually behind a glass to 
form a weatherproof PV module. A single PV module can be made to generate 
power between 10 Wp to 300 Wp. Figure 2.2 shows the multiple PV modules then 
can be connected together as PV string or PV array in order to provide sufficient 
power for common electrical uses. To utilize the electrical energy generated in 
alternating current (a.c) form, the direct current (d.c) generated by the PV array is 
converted to a.c by an electronic equipment called the inverter (Ahmad Hadri, 
2003). 
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1.9 Types of PV Cell Materials 
 
PV cells are made of semiconductor materials. The major types of materials 
are crystalline and thin films, which vary from each other in terms of light 
absorption efficiency, energy conversion efficiency, manufacturing technology and 
cost of production. The rest of the paper discusses the characteristics, advantages 
and limitations of these two major types of cell materials.  
 
 
 
2.2.1 Crystalline Materials 
 
2.2.1.1 Mono-crystalline Silicon (m-Si) 
 
Mono-crystal silicon cells are the most common in the PV industry. The 
main technique for producing mono-crystal silicon is the Czochralski (CZ) method. 
High-purity polycrystalline is melted in a quartz crucible. A mono-crystal silicon 
seed is dipped into this molten mass of polycrystalline. As the seed is pulled slowly 
from the melt, a mono-crystal ingot is formed. The ingots are then sawed into thin 
wafers about 200-400 micrometers thick (1 micrometer = 1/1,000,000 meter). The 
thin wafers are then polished, doped, coated, interconnected and assembled into 
modules and arrays (Olivier Mah, 1998).  
 
 
 
Figure 2.3: Mono-crystalline cell 
 
A mono-crystal silicon has a uniform molecular structure as seen in Figure 
2.3 above. Compared to non-crystalline materials, its high uniformity results in 
higher energy conversion efficiency, the ratio of electric power produced by the cell 
to the amount of available sunlight power i.e. power-out divided by power-in. The 
higher a PV cell’s conversion efficiency, the more electricity it generates for a given 
area of exposure to the sunlight. The conversion efficiency for mono-silicon 
commercial modules ranges between 12 – 18%. Not only are they energy efficient, 
 16
mono-silicon modules are highly reliable for outdoor power applications (Olivier 
Mah, 1998).  
 
The average price for mono-crystal modules is US$5.5 – 6 per peak watt. 
About half of the manufacturing cost comes from wafering, a time-consuming and 
costly batch process in which ingots are cut into thin wafers with a thickness no less 
than 200 micrometers thick. If the wafers are too thin, the entire wafer will break in 
wafering and subsequent processing. Due to this thickness requirement, a PV cell 
requires a significant amount of raw silicon and half of this expensive material is 
lost as sawdust in wafering (Solarcentury, 2008).  
 
2.2.1.2 Polycrystalline Silicon (p-Si) 
 
Consisting of small grains of single-crystal silicon, polycrystalline PV cells 
are less energy efficient than single-crystalline silicon PV cells. The grain 
boundaries in polycrystalline silicon hinder the flow of electrons and reduce the 
power output of the cell as seen in Figure 2.4. The energy conversion efficiency for 
a commercial module made of polycrystalline silicon ranges between 10 to 14% 
(Olivier Mah, 1998). 
 
A common approach to produce polycrystalline silicon PV cells is to slice 
thin wafers from blocks of cast polycrystalline silicon. Another more advanced 
approach is the “ribbon growth” method in which silicon is grown directly as thin 
ribbons or sheets with the approach thickness for making PV cells. Since no sawing 
is needed, the manufacturing cost is lower. The most commercially developed 
ribbon growth approach is EFG (edge-defined film-fed growth) (Olivier Mah, 
1998).  
 
Compared to single-crystalline silicon, polycrystalline silicon material is 
stronger and can be cut into one-third the thickness of single-crystal material. It also 
has slightly lower wafer cost and less strict growth requirements. However, their 
lower manufacturing cost is offset by the lower cell efficiency. The average price for 
a polycrystalline module made from cast and ribbon is US$4.5 per peak watt, 
slightly lower than that of a single-crystal module (Solarcentury, 2008). 
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Figure 2.4: Poly-crystalline PV cell 
 
 
2.2.2 Gallium Arsenide (GaAs) 
 
A compound semiconductor made of two elements: gallium (Ga) and arsenic 
(As), GaAs has a crystal structure similar to that of silicon. An advantage of GaAs is 
that it has high level of light absorptivity. To absorb the same amount of sunlight, 
GaAs requires only a layer of few micrometers thick while crystalline silicon 
requires a wafer of about 200-300 micrometers thick.3 Also, GaAs has a much 
higher energy conversion efficiency than crystal silicon, reaching about 25 to 30%. 
Its high resistance to heat makes it an ideal choice for concentrator systems in which 
cell temperatures are high. GaAs is also popular in space applications where strong 
resistance radiation damage and high cell efficiency are required (Olivier Mah, 
1998).  
 
The biggest drawback of GaAs PV cells is the high cost of the single-crystal 
substrate that GaAs is grown on. Therefore it is most often used in concentrator 
systems where only a small area of GaAs cells is needed. 
 
 
 
2.2.3 Thin Film Materials 
 
In a thin-film PV cell, a thin semiconductor layer of PV materials is 
deposited on low-cost supporting layer such as glass, metal or plastic foil. Since 
thin-film materials have higher light absorptivity than crystalline materials, the 
deposited layer of PV materials is extremely thin, from a few micrometers to even 
less than a micrometer (a single amorphous cell can be as thin as 0.3 micrometers). 
Thinner layers of material yield significant cost saving (Olivier Mah, 1998).  
 
Also, the deposition techniques in which PV materials are sprayed directly 
onto glass or metal substrate are cheaper. So the manufacturing process is faster, 
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using up less energy and mass production is made easier than the ingot-growth 
approach of crystalline silicon.  
 
However, thin film PV cells suffer from poor cell conversion efficiency due 
to non-singlecrystal structure, requiring larger array areas and increasing area-
related costs such as mountings.  
 
Constituting about 10% of total PV module shipments, the PV industry sees 
great potentials of thin-film technology to achieve low-cost PV electricity (Olivier 
Mah, 1998). Materials used for thin film PV modules are as follows:  
 
2.2.3.1 Amorphous Silicon (a-Si) 
 
Used mostly in consumer electronic products which require lower power 
output and cost of production, amorphous silicon has been the dominant thin-film 
PV material since it was first discovered in 1974.  
 
Amorphous silicon is a non-crystalline form of silicon i.e. its silicon atoms 
are disordered in structure as seen in Figure 2.5 below. A significant advantage of a-
Si is its high light absorptivity, about 40 times higher than that of single-crystal 
silicon. Therefore only a thin layer of a-Si is sufficient for making PV cells (about 1 
micrometer thick as compared to 200 or more micrometers thick for crystalline 
silicon cells). Also, a-Si can be deposited on various low-cost substrates, including 
steel, glass and plastic, and the manufacturing process requires lower temperatures 
and thus less energy. So the total material costs and manufacturing costs are lower 
per unit area as compared to those of crystalline silicon cells (Olivier Mah, 1998).  
 
 
 
Figure 2.5: Amorphous Silicon PV cell  
 
Despite the promising economic advantages, a-Si still has two major 
roadblocks to overcome. One is the low cell energy conversion efficiency, ranging 
between 6 – 7%, and the other is the outdoor reliability problem in which the 
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efficiency degrades within a few months of exposure to sunlight, losing about 10 to 
15%. The average price for an a-Si module cost about US$3 per watt (Solarcentury, 
2008). 
 
2.2.3.2 Cadmium Telluride (CdTe) 
 
As a polycrystalline semiconductor compound made of cadmium and 
tellurium, CdTe has a high light absorptivity level, only about a micrometer thick 
can absorb 90% of the solar spectrum. Another advantage is that it is relatively easy 
and cheap to manufacture by processes such as high-rate evaporation, spraying or 
screen printing. The conversion efficiency for a CdTe commercial module is about 7 
– 8% (Olivier Mah, 1998).  
 
The instability of cell and module performance is one of the major 
drawbacks of using CdTe for PV cells. Another disadvantage is that cadmium is a 
toxic substance. Although very little cadmium is used in CdTe modules, extra 
precautions have to be taken in manufacturing process. The average price for a CdTe 
module cost about US$3 per watt (Solarcentury, 2008). 
 
 
 
 
2.2.4 Copper Indium Diselenide (CIS) 
 
A polycrystalline semiconductor compound of copper, indium and selnium, 
CIS has been one of the major research areas in the thin film industry as observed in 
Figure 2.6. The reason for it to receive so much attention is that CIS has the highest 
“research” energy conversion efficiency of 17.7% in 1996 is not only the best 
among all the existing thin film materials, but also came close to the 18% research 
efficiency of the polycrystalline silicon PV cells. (A prototype CIS power module 
has a conversion efficiency of 8%.) Being able to deliver such high energy 
conversion efficiency without suffering from the outdoor degradation problem, CIS 
has demonstrated that thin film PV cells are a viable and competitive choice for the 
solar industry in the future (Olivier Mah, 1998). 
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Figure 2.6: Cadmium Indium Diselenide PV Cell 
 
CIS is also one of the most light-absorbent semiconductors, 0.5 micrometers 
can absorb 90% of the solar spectrum. CIS is an efficient but complex material. Its 
complexity makes it difficult to manufacture (Olivier Mah, 1998). Also, safety 
issues might be another concern in the manufacturing process as it involves 
hydrogen selenide, an extremely toxic gas. The average price for a CIS module cost 
about US$3 per watt (Solarcentury, 2008). 
 
Figure 2.7 illustrates the percentage production breakdown between the 
various PV modules in the year 2004. It seems obvious that almost 90% of the 
production are still crystalline modules with polycrystalline dominating the market. 
 
 
 
 
source: BiPV Seminar: What’s in it for me?,  
Palace of the Golden Horses, 16th  March 2006 
 
Figure 2.7: Production of PV cells in 2004. 
  
 
 
 
2.3 Solar PV Characteristics 
 
Solar PV is probably the most benign method of power generation known 
today. The PV produces absolutely no emission and uses the unlimited resource of 
the free sunshine as its fuel. Since sunshine is available everywhere when there is 
sun, theoretically, the PV application has no boundary. The PV system has no 
 21
moving part. Thus, the operation of a PV system are very quite, clean and requires 
almost no maintenance. Today, most PV modules are guaranteed to last between 20 
to 30 years.  
 
 A PV module would generate d.c electricity whenever it is exposed to direct 
sunshine. The amount of power generated is proportional to the intensity of the solar 
irradiation, but it could also be affected by the ambient temperature. A 100Wp solar 
module would produce 100Wd.c at Standard Test Condition (STC), i.e at direct 
exposure to 1000 W/m2 of solar radiation with air mass of 1.5AM and the PV cell 
temperature is at 25oC. However, this ideal condition is difficult to achieve. In a 
tropical climate country, such as in Malaysia, the maximum solar radiation is 
typically between 800W/m2 to 1000W/m2 but the ambient temperature could be as 
high as 40oC at noon, resulting in a 60oC PV cell temperature as observed in Figure 
2.8. Hence, a 100Wp PV would only produce a maximum of 80Wd.c at times 
(Ahmad Hadri, 2003).  
 
 
 
 
Figure 2.8: PV output & temperature vs solar radiation and ambient temperature 
 
 When an a.c power is needed, such as the case in this project application of a 
stand-alone system, the PV strings would be connected to an inverter. Today’s 
inverters have operating efficiencies between 80 – 95 %. Since the inverter is an 
electronic device, the quality of a.c power generated is very high with pure 
sinusoidal wave with unity power factor (Ahmad Hadri, 2003). 
 
 22
Unfortunately, the cost of PV is still very high. The cost is the main obstacle 
of the wide application of solar PV. The high cost is largely contributed to 
manufacturing process. To make the PV price competitive or affordable, the 
manufacturers require high demand for the PV module. Hence, PV is trapped in 
“chicken and egg” situation. Nevertheless, over the last two decades, the cost of PV 
has reduced tremendously and will continue to decrease due to major research and 
development in advance material and manufacturing techniques as seen in Figure 
2.9 (Ahmad Hadri, 2003). 
 
        
Source: US Dept. of Energy (FEMP) 
 
FIGURE 2.9: Cost reduction in PV module and system 
 
 In addition, the operating PV efficiency is still very low, at about 6 – 18%. 
Together with the balance of the system (B.O.S), the total efficiency would drop by 
another 1 or 2%. This low efficiency would mean that the system would produce 
lower energy yield. Hence the investment on the PV system would require longer 
time to recover. Nevertheless, the low efficiency has no effect on the running cost as 
the fuel is totally free and constantly available. Significant R&D works have also 
produced PV with higher efficiencies. But the challenge remains on improving the 
efficiency while maintaining or reducing the current price (Ruoss, 2003). Table 2.1 
shows the typical efficiency PV modules. 
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Table 2.1: Typical and maximum PV module efficiencies. 
 
Type of PV Cell Market Efficiency (%) Max Measured (%) Max in Laboratory (%) 
Monocrystalline 12 – 18  22.7 27 
Polycrystalline 11 – 14  15.3 18.6 
Amorphous Silicon 6 – 8  10.2 12.7 
Cadmium Telluride (CdTe) 7 – 10  13.0 16 
Copper Indium Diselenide (CIS) 8 – 12  13.0 18.8 
Source: IEA-PVPST1-10:2005 
  Listed in Table 2.2 are the typical advantages and limitations of producing 
solar PV. 
Table 2.2: Summary of advantages and disadvantages of solar PV 
 
ADVANTAGES LIMITATIONS 
Environmentally friendly Relatively high price 
Fuel is free and unlimited Low efficiency 
Applicable anywhere where sun is 
available 
Power density is limited by solar radiation 
and ambient temperature 
Simple and easy to use  
Operation is quite and clean  
Requires almost no maintenance  
Guaranteed to last 20 – 30 years  
(Williams et al, 2003) 
 
 
2.4 The Inverter 
 
An inverter is a device that converts d.c. to a.c. and is one of the key 
elements in a photovoltaic system for a.c. loads. In the case of an inverter system, 
the amount of d.c. power required per day to supply an a.c. load is determined by the 
efficiency of the inverter. Hence, if the system is operating with a low efficiency 
inverter, the amount of d.c. Wh required will be quite high as compared to a system 
using a high efficiency inverter. So, it is very essential that the inverter should not 
only be reliable but also highly efficient (Sharma et al, 1994). 
 
As stated above, the inverter converts the d.c. from the array or battery to 
single or three phase a.c. to suit the load requirements. Especially, in the grid 
interactive system, output must meet the necessary requirements in terms of voltage, 
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frequency and the harmonic purity of the waveform. Voltage requirements are met 
by the use of an additional transformer, whereas the harmonic synthesis or pulse 
width modulators are the techniques being employed in the modern solid state 
inverter to construct a sinusoidal output. The process by which the forward current is 
interrupted or transferred from one switching device to another is called 
"commutation". Self commutated and line commutated inverters are usually used in 
the stand alone a.c. and grid interactive systems, respectively (Sharma et al, 1994). 
 
 
 
Figure 2.10: Simple scheme for the principle of an inverter. 
 
The efficiency of a solid state inverter on full load is usually better than 95%. 
However, as in a PV system, for most of the time, the inverter will be operating at 
less than full load and it is important to choose one of an appropriate size with good 
part-load efficiency (Sharma et al, 1994). Figure 2.10 above shows the simple 
scheme for the principle of an inverter. 
 
 
 
2.5 The Batteries 
 
Due to the intermittent nature of solar energy, an appropriate storage system 
of storing the excess energy during the active periods to carry the load during the 
inactive hours, or periods of low irradiance, must be provided.  
 
Although various methods of storing energy are, in principle, available, 
electrochemical batteries appear to be ideal for both sustaining intermittent energy 
resources and load levelling operations. A battery is based on an electrochemical cell 
which enables the direct conversion of chemical energy into electricity.  
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The maximum amount of electricity which, at a specified discharge rate and 
electrolyte temperature, a given battery is capable to deliver is referred to as the 
capacity and is measured in Ampere-hours (Ah). A battery is very much affected by 
the depth of discharge, i.e. the percentage of the total capacity withdrawn, that 
determines its effective cycle life. It is therefore very important that the depth of 
discharge should, in no circumstances, exceed 80% and the battery should never be 
left uncharged in this state for a long period. Overcharging also results in corrosion, 
plate growth and loss of active material from the plates, leading to reduced life. On 
the other hand, repeated failure to reach full charge can also have an adverse effect 
(Sharma et al, 1994).  
 
Another important factor in battery designing is the loss of electrolyte. To 
prevent this, some batteries have catalytic devices over the cell vents, which cause 
the gases (oxygen and hydrogen) to recombine into water.  
 
The batteries in most PV systems are of the lead--acid type. The lead-acid 
battery is basically formed by a lead negative electrode, a lead dioxide positive 
electrode and an aqueous sulphuric acid electrolyte solution. They consist of one or 
more battery cells, each of which is rated at 2 V. The most common configuration 
has six cells connected in series in order to obtain batteries with a nominal voltage of 
12 V. In PV systems, as the battery is expected to perform for a number of days 
before recharge, the higher battery rating is used for sizing purposes (Sharma et al, 
1994).  
 
It has recently been seen that nickel-cadmium pocket plate batteries are in 
many ways more suited to operation in the PV system than the lead-acid types. The 
basic scheme of this battery is presented as 
 
Cd/KOH aq./NiO(OH). 
 
More precisely, as shown above, the nickel-cadmium cells consist of a 
positive plate of nickel packed with nickel hydroxide and a negative plate of 
cadmium immersed in a solution of potassium hydroxide in water. The electrolyte 
plays no part in the electrochemical reaction but serves as a charge carrier between 
the plates. Consequently, such batteries do not suffer from the problem of electrolyte 
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depletion and stratification which afflict lead-acid batteries. Also, the capacity of the 
battery is not influenced much by the rate of discharge and the temperature rise. The 
batteries can be fully discharged and are not damaged by long periods in this 
condition (Rand et al, 2004).  
 
No doubt, as seen above, nickel--cadmium batteries are more suited to 
operation in PV systems as compared to the lead-acid types, but so far, these are not 
diffused in the market. Apart from the high cost involved, the growing concern 
about cadmium toxicity raises some questions on the opportunity of keeping the 
production at the actual levels. Under the circumstances, further research efforts are 
still needed to make such batteries defect-free, as well as cost effective.  
 
 
 
2.6 The D.C to D.C Converters 
 
In modern solid state converters, the transformation from one d.c. voltage to 
another is usually achieved by high frequency chopping, using transistors. An 
efficiency of over 95% at full load can be expected. Of course, a converter is not 
necessary if the desired voltage can be provided directly from the array, by suitable 
arrangements of modules. A MPPT has built-in control logic, usually operated by a 
microprocessor that senses the array voltage and current at frequent intervals, 
computes the power output and compares it with the previous value (Sharma et al, 
1994).  
 
 
 
 
2.7 The Battery Controllers 
 
A battery controller is a device which regulates the charge current and 
prevents over charging. In photovoltaic systems, such devices can regulate the 
charge current either by interrupting the array current (series type) or by short-
circuiting sections of the array (shunt type). As short-circuiting will aggravate any 
tendency to hot spot failure, the series type is not always advisable. A more 
sophisticated type embodies a microprocessor which maintains battery current, 
voltage and temperature, computes the state of charge and regulates the input and 
output currents so as to avoid overcharging and excessive discharge. Due to some 
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technical, as well as physical, problems, the performance of such controllers with 
lead-acid batteries is not yet satisfactory (Sharma et al, 1994).  
 
 
 
2.8 Conclusion 
 
 The main components involved in the construction of a stand alone PV 
system are the PV modules and the balance of the system which includes the battery 
as the storage element, inverter and charge controller.  
 
 The five main PV modules are the monocyrstalline silicon, polycrystalline 
silicon, amorphous silicon, cadmium telluride (CdTe) and copper indium disenenide 
(CIS). Efficiencies between these PV modules range between a low of 6% to a high 
of 15%. The price per watt peak for every module also vary but corresponds with its 
respective efficiency and is expected to reduce in the course of time. 
 
 Although there are several limitations in undertaking a PV system, the 
advantage is immense and is definitely a technology for the future. The performance 
of the device is subject to the atmosphere temperature, irradiance effect, age of the 
device and insulation resistance. Of these, the meteorological data considered were 
the temperature and irradiance affect on the performance of the module. 
 
  
 
 
 
